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Hydrogen bonding is the crucial element that leads
to molecular recognition in DNA and RNA. Deoxyribo-
nucleic acid (DNA) and Ribonucleic acid (RNA) are
biopolymers whose secondary structure depends in
large measure on recognition of hydrogen bond pat-
terns. The classic Watson and Crick model of DNA re-
quires an internal set of hydrogen bonds, which align
opposing nucleotides, and specific patterns of hydro-
gen bonding must be satisfied if two complementary
(or nearly complementary) strands are to form an ele-
ment of secondary structure. Base stacking stabilizes
the B-form of helical DNA, one of the most widely rec-
ognized structures on the planet.  While this fact and
certain correlations based on calorimetry have great
predictive value for the melting temperature of particu-
lar DNA sequences, the molecular details of the ener-
getics of molecular recognition due to hydrogen bond-
ing is still an area of active research.  This research
has great importance in understanding drug interac-
tions, the effect lesions, and formation of higher order
structures using DNA or RNA templates.

Despite the great interest in the structure and dy-
namics of polynucleotides, very little spectroscopic work
has been done in the far-infrared region.  The far-infra-
red is a region of the spectrum in which low frequency
vibrational motions are found. Hydrogen bonding and
large dynamical molecular motions are generally found
in this region of the spectrum. Thus, far-infrared spec-
troscopy provides a method for the investigation of the
hydrogen-bonding environment of a molecular system.
Moreover, the temperature dependence of low fre-
quency modes reveals their anharmonic coupling.  As
the temperature is lowered, the ground state popula-
tion increases relative to all excited states. For an
anharmonic transition, the energy gap between any two
successive vibrational states gets smaller as the vibra-
tional quantum state increases. Thus, as the popula-
tion of the ground state increases the frequency of the

vibrational transition increases.  We use the tempera-
ture dependence as evidence for anharmonic coupling.

All too often, the infrared spectrum of a compound
contains significantly more bands than can be ac-
counted for by normal coordinate analysis. There are
several reasons for this discrepancy: combination
bands, mixing and splitting of solute and solvent bands
and overtones that become allowed due to
anharmonicity.  Stable isotopic substitution of central
and peripheral atoms provides a means to alter the vi-
brational pattern to facilitate comparison with calcula-
tion.  Using a comparison of experiment and calcula-
tion, we can identify modes that are anharmonically
coupled to low frequency hydrogen bonding modes.
In this way, a check is obtained on the potential energy
surfaces that we calculate for the hydrogen bonding
interactions in nucleic acids.

Natural abundance adenine and 2-deoxyadenosine
were purchased from Sigma Chemical Company, St.
Louis, MO. Isotopic adenine was singly labeled with
13C at positions C(2) & C(8), with 15N at exocyclic amino
(N(6)) & N(9), and triply labeled with 13C at C(8) and
15N at N(6) & N(9). Isotopic 2-deoxyadenosine was sin-
gly labeled with 15N at exocyclic amino (N(6)) & N(9),
doubly labeled with 13C at C(8) and 15N at N(9), and
triply labeled with 13C at C(8) and 15N at N(6) & N(9).
Both sets of isotopic compounds were obtained from
the Stable Isotope Resource at Los Alamos National
Laboratory.  Deuterated derivatives of adenine and its
isotopomers were prepared by way of hydrogen ex-
change reflux, for a minimum of 4 hours, at 40ºC in
D2O (Aldrich Milwaukee WI. 99.9%). De-ionized 18MΩ
water exchange was performed on all six samples of
adenine as a control.

Polycrystalline samples were placed between two
polyethylene windows of dimensions 7mm diameter X
0.8mm thick and then mounted in the sample holder of
a liquid helium cold finger (Janis ST-100). The tem-
perature was monitored by a Lake Shore Cryotronics
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temperature controller (DRC-82) using a silicon diode
sensor mounted above the sample holder.  The cold
finger was placed into its heat shield base, which had
been mounted in a vacuum box that maintained a
vacuum of approximately 100 mTorr. The vacuum box
was connected to a dry nitrogen purged Nicolet Magna
FTIR spectrometer (model 860), with a mirror velocity
of 633 Hertz and a liquid helium cooled boron-doped
silicon bolometer (Infrared Lab, Arizona). The synchro-
tron radiation beam of beamline U2B at the NSLS was
the light source for these experiments. The effective
spectral window provided by this experimental setup is
40 cm-1 to 600 cm-1.  The molecular structures for ad-
enine and 2-deoxyadenosine are given in Figure 1.

A temperature-dependent series of far-infrared ab-
sorption spectra, from 80 to 300 K, of adenine are
shown in Figure 2. The important features to note are
the shifts and sharpness of the bands that occur as a
result of changing temperature. Also of interest is the
appearance of new bands in the 80K spectra that are
poorly resolved in the 300K spectra. The appearance
of these new bands is believed to be the result of
anharmonic coupling of low frequency modes in this
polycrystalline material.

A temperature-dependent series of far-infrared ab-
sorption spectra of 2-deoxyadenosine is shown in Fig-
ure 3.  Whereas the number of peaks is greater than
for adenine owing to the presence of ribose, the bands
at 104 cm-1, 139 cm-1, 247 cm-1, 336 cm-1 and 542 cm-1

are the same in both compounds.   Good agreement
with experimental vibrational frequencies at 10 K can
be obtained using Density Functional Theory calcula-
tions.  These calculations and extensive isotope label-
ing are being used to determine the strength of

Figure 1: Molecular structure of the adenine and 2-
deoxyadenosine.

anharmonic coupling for the modes shown in Figures
2 and 3.

The fact that so many low frequency modes ap-
pear to have strong temperature dependence is some-
thing of a surprise.  Given the studies of anharmonic
coupling in other biological molecules (e.g. the axial
vibrations of the heme iron in heme proteins) one might
have expected only one or two of the modes to show
significant anharmonic coupling.  The fact that so many
modes show temperature dependence (i.e. anharmonic
coupling) has slowed efforts to identify relationships that
are unique to the hydrogen bonding interaction.  The
goal of future studies is to obtain similar data in oligo-
nucleotides in crystalline and glassy forms in order to
determine the effect of hydrogen bond patterns on vi-
brational spectra in the far-infrared region.

Figure 2: Temperature-dependent
series of far-infrared absorption
spectra of polycrystalline natural
abundance adenine. The tem-
perature range is in 10K incre-
ments from 80K to 300K. The
spectra for 110K and 100K have
been left out for clarity. The bands
indicated by �*� symbols are poorly
resolved in the 300K spectra, but
are clearly present in the 80K
spectra. The data are not cor-
rected for changes in source in-
tensity.
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In chemical feedstocks derived from petroleum or
other natural sources, sulfur- containing molecules are
common impurities [1]. These impurities are respon-
sible for the poisoning of catalysts used in many chemi-
cal and petrochemical processes [2]. In addition, they
constitute a major environmental problem due to the
generation of sulfur oxides during the burning of fossil-
derived fuels [3]. Metal oxides play an important role
when dealing with the negative effects of sulfur [2].  On
one hand, metal oxides are widely utilized as catalysts
or catalyst supports in industrial operations and are
poisoned by sulfur. There is a general desire to increase
the sulfur tolerance of these oxide-based catalysts. On
the other hand, many oxides are used as sorbents of
S-containing molecules in oil refineries and in the de-
struction or removal of SO

2
 (DeSOx process). Thus, for

practical reasons, it is necessary to obtain a fundamen-
tal understanding of the behavior of sulfur on oxide
surfaces [2].

TiO
2
 is employed on a large industrial scale for the

removal of H
2
S in the Claus process [4]. Little is known

about the elementary steps of the original Claus reac-
tion (H

2
S + 1/2O

2
 → H

2
O + 1/nS

n
) and its latter modifica-

tion, where one third of the H
2
S is first burned (H

2
S + 3/

2O
2
 → SO

2
 + H

2
O) and SO

2
 reacts catalytically with the

rest of the H
2
S (2H

2
S + SO

2
 → 2H

2
O + 3/nS

n
)  [4]. Re-

cently, we have carried out a detailed investigation of
the adsorption of  sulfur on a TiO

2
(110) single crystal

[5]. Figure 1 shows a model for this surface. On this
system sulfur can interact with several adsorption sites:
titanium, in-plane oxygen, bridging oxygen, and vacan-
cies in the bridging oxygen rows. Figure 2 shows S 2p
photoemission spectra acquired after
dosing S

2
 to a TiO

2
(110) surface at 300 K.  When simi-

lar experiments were done with a commercial source
of X-rays, only a broad (~ 6 eV) peak was observed in
the S 2p region [6]. In experiments at beamline U7A of
the NSLS, we were able to identify four different types
of sulfur species on the TiO

2
(110) surface. For the small-

est dose of S
2 
in Figure 2, a doublet is observed with

the S 2p
3/2
 features at ~ 161.8 eV. This peak position

corresponds to S atoms bonded to O vacancies in the
bridging oxygen rows of the TiO

2
(110) surface [5]. Ad-

ditional dosing of S
2
 leads to a drastic change in the

line shape of the S 2p spectrum. The resulting spec-
trum (�a�) is well described by a fit with four doublets
with 2p

3/2
 components at 161.6 (s

1
), 162.8 (s

2
), 163.3 (s

3
)

and 167 eV (s
4
). For the fitting a Shirley background

was subtracted from the raw spectrum, and a convolu-
tion of Lorentzian and Gaussian functions was used

Figure 3: Temperature-dependent
series of far-infrared absorption
spectra of poly-crystalline natural
abundance 2-deoxyadenosine.
The temperature range is in 10K
increments from 10 to 300K. The
bands indicated by �*� symbols are
poorly resolved in the 300K spec-
tra, but are clearly present in the
10K spectra.  The data are not cor-
rected for changes in source inten-
sity.
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and S [11,12], as do the metal cations of TiO
2
 (Figure

2).
The addition of an alkali metal to the surface of an

oxide catalyst is a well-established procedure for en-
hancing the efficiency of oxides in DeSOx processes
[2,3,10]. However, the exact role of the alkali in the re-
moval process is not well understood. The alkali may
be the real active phase or simply a promoter of the
chemical activity of the oxide surface.  Figure 4 shows
S 2p photoemission spectra for the interaction of SO

2

with K/ZnO(0001)-O and Cs/ZnO(0001)-O. On pure

ZnO(0001)-O, only a doublet for SO
3
 is detected. Upon

coadsorption with K and Cs, the full dissociation of SO
2

takes place and a strong signal appears near 162 eV
for S atoms. We have found that the surface chemistry
of SO

2
 on the alkali promoted oxides is complex, in-

volving the coexistence of SO
4
, SO

3
 and S [10,13].  The

alkali adatoms provide occupied electronic states above
the oxide valence band that are very efficient for bond-
ing and dissociating SO

2
 [13].
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Figure 4.  S 2p photoemission spectra for the adsorption of
SO2 on K/ZnO and Cs/ZnO at 300 K

Binding  Energy  (eV)
158160162164166168170172174

PE
  I

nt
en

si
ty

  (
ar

b.
 u

ni
ts

)

SSO3
SO4

S 2pSO2  adsorption
    300 K

pure ZnO(0001)-O

K/ZnO(0001)-O

Cs/ZnO(0001)-O

SO3

S

Figure 3.  S K-edge XANES spectra for the adsorption of SO2

on TiO2(110), MgO(100) and ZnO(0001)-O [8].
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